One of the striking features of the injured central nervous system (CNS) is the failure of severed axons to adequately regenerate to restore loss of function. This was initially believed to be caused by an intrinsic inability of injured axons to sprout regenerative processes. However, the seminal studies of Albert Aguayo and others using peripheral or cellular tissue grafts transplanted into the lesioned spinal cord have clearly demonstrated that the environment of the injured CNS is a critical determinant of whether injured axons can regenerate [1] . The molecular determinates of the inhibitory CNS environment are now well-understood, with major players being myelin-associated molecules (such as nogo, myelin-associated glycoprotein) and chondroitin sulphate proteoglycans [2] .
sional, in vitro experimental models have proven particularly insightful in this field of research. A particular advantage of these approaches is the ability to specifically evaluate intrinsic regeneration of injured axons in the absence of glial cells or inhibitory substrates and molecules. Elegant studies have demonstrated that severance of individual axons of cultured CNS neurons results in a rapid regenerative response [3, 4] . Furthermore, axotomy of thick fasciculated axonal bundles of mature (21 days in vitro) clusters of cortical neurons results in regenerative sprouting within 8 hrs after injury [5, 6] .
Several studies have directly investigated the precise mechanisms that underlie the intrinsic regenerative sprouting response of injured CNS neurons. Microtubule stabilizing drugs significantly alter the regenerative sprouting response following axonal transection of cortical neurons in vitro, indicating that cytoskeletal re-organization is a key process underlying axonal regeneration [6] . This has recently been confirmed by in vivo studies reporting that the microtubule stabilizing drug taxol facilitates axonal regeneration of the injured optic nerve [7] . Highlighting that the regenerative sprouting response is an active process, Verma et al. [8] have reported that protein synthesis is essential for efficient generation of regenerative growth cones following axotomy in vitro. They demonstrated that axotomy leads to a four-to six-fold increase in 3 H-leucine incorporation, and that the protein synthesis inhibitors cycloheximide and anisomycin both impair the ability of severed axons to form regenerative sprouts [8] .
To identify key molecular determinants of successful axonal regeneration, a number of studies have utilized DNA microarray techniques to reveal groups of genes that are up-or downregulated in response to axonal injury and during axonal regeneration. These studies have implicated a wide variety of genes in the regenerative response, including cytoskeletal, cell cycle and ion homeostasis genes. A notable feature of these studies is that they have generally been undertaken within in vivo injury situations, such as the injured optic nerve [9, 10] , sciatic nerve [11, 12] or spinal cord [13, 14] . Hence, because of the presence of glia and other cells and the inability of microarray approaches to discriminate cell-specific gene expression, these studies do not give a clear indication of the key genes directly responsible for intrinsic regenerative sprouting of injured neurons. To address this, we have undertaken a microarray study following complete axonal severance of mature (21 days in vitro) cultured cortical neurons.
Materials and methods

Cell culture preparation for rat primary cortical neuronal clusters
All animal experimentation was performed under the guidelines stipulated by the University of Tasmania Animal Ethics Committee, which is in accordance with the Australian code of practice for the care and use of animals for scientific purposes. Cortical neuron cultures were prepared according to previously published protocols [6, 15, 16] . Briefly, cortical tissue was isolated from E17 hooded Wistar rat embryos and incubated in 0.1% trypsin (in HEPES buffer) for 15 min. Following trituration and filtration through a 20 m filter, neurons were plated into 12-well tissue culture plates pre-coated overnight with 1mg/ml of L-lysine in borate buffer, pH 7.4, at a cell density of 4.5 ϫ 10 5 cells/well. Neuronal cultures were maintained at 37ЊC in humidified air containing 5% CO2 for 21 days before experimental axotomy. Neurons were initially plated into a culture medium consisting of Neurobasal TM medium (Gibco; Life Technologies Corp., California, USA), supplemented with 10% foetal bovine serum, 0.1% B-27 supplement (Gibco), 0.1 mM L-glutamine (Gibco) and 200 U/ml gentamicin (Gibco). After 24 hrs, the media was replaced with medium lacking foetal bovine serum, and replaced every 3 or 4 days.
Real-time (RT)-PCR
Reverse transcription was carried out according to steps specified by manufacturer (Applied Biosystems Taqman reverse transcription reagents; Life Technologies Corp.). Each cDNA sample was duplicated with two No Template Control (NTC) for each probe used. All genes tested were normalized against either of the internal loading controls, 18S rRNA or GAPDH. Twenty microlitres of the Taqman master mix was pipetted to the bottom of each well of the optical 96-well fast reaction plate. Five microlitres of cDNA or water (NTC) was added to the designated reaction well. The plate was then read by the 7000 Fast Real-Time PCR System with conditions according to the manufacturer's protocol.
DNA microarray
Transcriptomic profiling was performed on Illumina Rat Ref12 Ver.1 arrays for rat neuronal clusters 8, 15, 24 and 48 hrs after axonal sever-ance. Six biological replicates were obtained for the control and three for each of the four time-points after injury. Five hundred nanograms of total RNA for each sample was brought up to an initial volume of 11 l. RNA reverse transcription was performed with Illumina ® TotalPrep RNA Amplification Kit and the concentration of cRNA was quantitated using the NanoDrop ND-1000. Seven hundred and fifty nanograms of cRNA topped up to 5 l RNase-free water was mixed with 10 l hybridization buffer. Hybridization using streptavidin-Cy3 labelling was carried out according to the manufacturer's instruction (Illumina Inc., San Diego, USA). Subsequently, the beadchip was read on the Illumina scanner using Bead Studio software at Scan Factor ϭ 0.65.
Microarray data collection and analysis
Analysis of the scanned images was performed with BeadScan (Illumina Inc.). Signal data generated from the Illumina ® Bead Studio software was analysed using GeneSpring © v7.3 software. All differentially expressed genes in this study were selected based on the following parameters: (1) a minimum of Ϯ1.5 fold change in at least one of post-injury time-points and (2) passed the statistical screening test of one-way ANOVA (P Ͻ 0.05) and Benjamini-Hochberg False Discovery Rate Correction. Genes which were differentially expressed were annotated according to Gene Ontology Biological process with the use of an online bioinformatics resource namely Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.7 (http://david.abcc.ncifcrf.gov/) [17, 18] . All microarray data reported here are described in accordance with MIAME guidelines, and have been deposited in NCBIs Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Super-Series accession number GSE 23653.
Statistical analysis
All experiments were repeated at least three times. Data were analysed using post-hoc Tukey test with one-way ANOVA to assess significant differences in multiple comparisons. Values of P Ͻ 0.05 were considered as statistically significant and presented as mean Ϯ S.E.
Results
DNA microarray analysis
Gene expression profiles were obtained for 8, 15, 24 and 48 hrs post severance of axon bundles connecting rat neuronal clusters in culture. Genes with a minimum fold change of Ϯ1.5 for at least one of the four time points were classified as differentially regulated and subjected to one-way ANOVA analysis. Those that reached significance with a P Ͻ 0.05 were subjected to grouping using the online bioinformatics resource DAVID. A total of 305 genes were identified and each of them was then classified into one out of the 14 functional clusters identified to avoid overestimation (Table 1 ). Figure 1 summarizes the number of identified genes in each biological process and the percentage these genes within the group occupied out of the total. Differences between up and down regulated genes across the four time points after axotomy were presented in Figure 2A and B, respectively. Generally, even though the genomic profiles across time were quite similar, it was evident from Figure 2A that there was a slight transient elevation of genes involved in certain biological processes such as axogenesis, morphogenesis, actin and cytoskeleton organization, cell cycle, response to oxidative stress, inflammation and chemotaxis at 8 hrs in comparison to the later time points and this was conversely true for the down-regulated genes as seen in Figure 2B .
Association of genes with biological processes
Neurite network associated genes
There was a down-regulation of genes responsible for repulsive axon guidance cues and their receptors that are known to limit axonal regeneration and these include Efn, Sema, Slit, Bmp, Nrp, Plxd and Eph. Conversely, there was an increased expression of neurite outgrowth promoting genes such as Apoe, Cntf, Vgf and Lama5. In addition, there was a transient elevation in gene expression at 8 hrs that faltered with time for Snap, Tnn and neurotrophic-associated factors such as Nrtk and Bdnf. A varied expression of genes involved in actin filament formation and microtubule organization was observed and they include Tuba, Tubb, Acta, Actb, Spnb, Pfn, Stmn, Arp2/3, N-WASP and Map1b. Our data also reflected on the importance of protein trafficking during axonal repair as genes known to facilitate this process, mainly motor (Dnc, Dna, Kif, Myh, Tpm) and vesicle proteins (Vamp, Syt, Snap) were also differentially expressed.
Oxidative insult-related genes
Transcriptomic data revealed an elevated expression of genes related to GSH biosynthesis namely Gstm1, Mgst1, Gss and Gpx1. This was accompanied by a brief expression of Txnrd1 at 8 hrs and a prolonged expression of antioxidant enzyme genes which include superoxide dismutase (Sod2 and Sod3) and peroxiredoxin (Prdx6). Moreover, heat shock proteins (Hspa2, Hspb1, Hspb8, Hspb6, Hspca), that serve as molecular chaperones were also significantly up-regulated (except Hspa5).
Cell cycle and death genes
There was a diminished expression of various pro-apoptosis genes such as Apaf1 and Casp 3, 11 and 12 with the exception of Csap6. In addition, Bnips, a group of pro-apoptosis Bcl-2 family proteins, were also significantly down-regulated. Genes with a minimum fold change of Ϯ1.5 for at least one out of the four time points passed one-way ANOVA analysis and are significant with P Ͻ 0.05. Data are expressed as fold-change Ϯ S.E. Blue ϭ genes that were up-regulated. Red ϭ genes that were down-regulated.
scriptional and translational factors. The significance of changes in expression of these cell cycle genes in the absence of visible cell death upon axotomy is intriguing as there is increasing evidence showing that cell cycle proteins do play novel, alternate neuronal functions [19] .
Ion homeostasis response genes
Disruption to ion balance after axotomy was reflected in the varied expression of genes that control ion entry channels such as Fxyd1, Adra1b, Edg2, Itpr1, Trpv4 and Avpr1a. In particular, we noticed an elevated gene expression of calcium-activated proteins such as Capn3 and S100A1 that play pivotal roles in cell death, axonal resealing and cytoskeleton remodelling. Temporal expression of calcium-associated members such as Camk2b, PKC and Grin1 further demonstrated a likely link between calcium levels and neurorepair. Furthermore, elevated gene expression of calcium-activated AMPK, a key regulator of energy balance, and its upstream activators namely Cntf and interleukins might signify a mechanism in place to compensate energy deficits during ion and/or metabolites imbalance states.
Inflammatory response genes
Inflammation is part of a complex 'double-edged sword' response to injury that facilitates healing and/or elicits death. Quite interestingly, the presence of inflammation-causing genes such as Bf, C2, Atrn and Ncf1 was accompanied by an increased expression of cAMP regulatory genes namely Adcy, Adcyap, Gpr and Rapgef. Interplay of various chemokines and cytokines was evident from the gene regulation profiles of numerous chemokine ligands (Ccl and Cxcl families), cytokine (II1b), and their receptors (Cxcr, II1r2 and II6r). Cytokine-activated transcription factors such as Stat3 and c-fos that drive cell proliferation, signal transduction and cytoskeleton restructuring were also increased.
Validation of microarray analysis
Microarray data for all time points after axonal injury were validated by RT-PCR against selected genes as presented in Table 2 . The trend of gene expression changes for each selected target obtained from RT-PCR was similar to its microarray data. In gen-eral, this confirmed the reliability of the gene expression profiles attained.
Discussion
Severance of fasciculated axonal bundles in mature rat neuronal clusters in culture has been used previously to study and characterize the cytoskeletal dynamics of regenerative sprouting after axonal injury [6] . Using the same in vitro model, we have applied a DNA microarray approach to gain mechanistic insight into the key molecular determinates that underlie neurite regeneration after axotomy at a transcriptomic level. Briefly, we found that regenerative sprouting is a complicated process that involves complex cytoskeleton dynamics and vigilant control of secondary processes such as oxidative stress, ion homeostasis and inflammation. These secondary processes have to be tightly regulated to ensure neurite regeneration without causing evident cell death. Physiologically, diffuse axonal injury is one of the many key pathological features associated with head trauma. Upon trauma, stretched axons become brittle and tear. This situation is immediately salvaged by the damaged neurons' intrinsic capacity to regenerate. However, mechanisms are activated for cell demise when the injury is beyond redemption. Through transcriptomic studies, we may identify crucial cellular pathways that facilitate regeneration and manipulate them whenever necessary to lessen damage and avoid irreversible apoptosis.
Neurite cytoskeleton reorganization
In accordance with the study by Chuckowree and Vickers [6] , we confirmed that adaptive sprouting of neurons after injury involves substantial cytoskeleton reorganization. For an axon to regenerate, its neurite arm, which is predominately composed of microtubules, needs to be extended accordingly. This involves microtubule formation and stabilization. Tubulins are fundamental for microtubule formation and this could explain their augmented gene expression. Stabilizing these newly formed microtubules is pivotal and this entails a concerted regulation of various microtubule destabilizing and stabilizing proteins. Elevated gene expression of Notch1, alongside decreased expression of Stmn, Cspg2 and Spg4, is consistent with this process. It has been found that microtubule stabilization could promote axon regeneration by preventing chondroitin sulphate proteoglycan (Cspg) accumulation at lesion site [20] . This stabilization could be mediated by Notch activation whereby it down-regulated spastin (Spg) expression, a microtubule severing protein, and deterred axonal degeneration in primary cortical neurons [21] . Stamins (Stmn) in general destabilize microtubules by preventing their assembly and promoting their disassembly. The regenerating growth cone acts such as a molecular conveyor belt whereby actin bundles at the proximal end are constantly fragmented by actin-destabilizing or severing proteins. Released actin fragments are then retrogradely transported and reassembled at the leading edge with help from nucleation-promoting factors [22] . These changes were reflected by the downregulated gene expression of actin regulators namely Pfn, Cdc42, Arp2/3 [23, 24] . In contrast, NWASP and Gas7 gene expression were up-regulated by an average of 3-and 1.5-fold, respectively, throughout [25, 26] . As such, it is imperative to account for the contrasting regulation of NWASP, Arp2/3 and Cdc42. NWASP and Arp2/3 are undeniably the master components of actin polymerization. During neurite regrowth, actin dynamics unlike microtubules steer towards instability, a phenomenon observed due to the complex processes governing polymerization and depolymerization of actin filament to support growth cone steering. Interestingly, Erin D.G and Matthew D.W critically reviewed that the way Arp2/3 affects actin polymerization is more dependent on its activity regulated by ATP rather than its expression [27] . It was mentioned that binding of WASP to ATP bound Arp2/3 and G actin, primes the complex and creates a nucleation point for daughter filaments formation. Subsequent ATP hydrolysis on Arp2 after nucleation has been temporally and functionally linked to actin branch disassembly. The authors also brought up the importance of recycling Arp2/3 itself for the formation of new actin processes, an event closely associated with actin recycling. With that, the possibility of regulating already expressed Arp2/3 proteins by ATP in neurons and the fact that it can be recycled could potentially explain the redundant need for its expression after axotomy. Unlike Arp2/3, NWASP is not directly regulated by ATP binding but its relevance is to elicit an active conformation of Arp2/3 for nucleation by physically binding to it. As such, our data illuminate an interesting questionnaire on how NWASP is being regulated in regards to neurite regeneration. Moreover, apart from NWASP physical interaction with Arp2/3 to direct actin polymerization, it also serves as focal points where transduced signals converge to orchestrate actin polymerization dynamics [28] . Hence, NWASP importance in connecting multiple signalling pathways to initiate actin assembly as well as how it is regulated could possibly account for its elevated expression in comparison to Arp2/3. As for Cdc42, unlike NWASP and Arp2/3, there has been evidence showing that NWASP recruitment of Arp2/3 that results in the formation of membrane protrusions and processes could occur via a Cdc42-independent manner, at least for neurite outgrowth of hippocampal neurons [26] . Because of the way actin proteins are recycled in the growth cone, this further explains the redundant need for newly synthesized actins and they were generally downregulated transcriptionally following axonal injury. Recycling is essential to prevent excessive actin build-up that could thwart neuronal advances. This assumption is further supported by the Data are expressed as fold-change Ϯ S.E.
heightened expression of myosin genes, which encode motor molecules that transport actins in a retrograde fashion. Using fluorescent speckle microscopy, it was found that inhibition of myosin II not only perturbed actin retrograde flow and affected neuronal growth but its contraction forces were also required to recycle actin fragments for growth cone formation [29] . Together, our gene profiling data showed that neurite regeneration is an event that involves stabilization of microtubules and dynamic instability of actin filaments [7] . Further evidence of the dynamic response of the cytoskeleton to axotomy was the elevated expression of Tekt 1 and 2. These represent a group of cilia microtubule structural proteins, and supports an unexpected discovery that neuronal cilia might be vital for modulating signalling pathways to coordinate neuronal processes such as axonal guidance [30] . This highlights the need for further investigation on the roles of cilia-associated proteins in neurobiological events such as axotomy.
The importance of protein trafficking in axonal regeneration was indicated by the varied gene expression of motor proteins involved in cytoskeletal transport such as Dnc, Dna, Kif, Myh, Tpm and machinery factors linked to membrane vesicles such as Syt, Vamp, Stx. This clearly illustrated retrograde transport of injury signals from cut site to cell body which then evoked membrane expansion processes that involve cargo trafficking of cytoskeletal proteins and even neurotropic factors to promote axonal regrowth. Dynein-derived forces in particular, are able to oppose axon retraction and permit microtubules to advance [31] .
Moreover, neurite regeneration is a process that involves reciprocal regulation of permissive and repulsive axon guidance cues. Neurotrophic factors, for instance, are capable of directing axonal regrowth in damaged neurons. Bdnf can sustain axon regeneration upon various nerve and brain injuries [32, 33] and overexpression of its receptor NtrkB was also found to elicit corticospinal axonal regeneration [34] . Here, transient gene expression of Bdnf and Ntrks at 8 hrs could highlight the probable importance of these molecules in the recovery process during the initial phase but not as much after specific projections had been formed. Most repulsive guidance molecules on the other hand, inhibit and deter axonal regrowth after injury. Sema3a is one such example. Chemically inhibiting Sema3a prevented its binding to neuropilin and enhanced neural regeneration in damage axons [35] . Eph/Ephrin signalling which controls axon guidance by contact repulsion also inhibits regeneration of axons following injury in neurons [36] . Similarly, our transcriptomic data concurred that these molecules and their receptors mainly Efn, Sema, Slit, Bmp, Nrp, Plxd and Eph were not favoured during neurite regrowth.
Notably, some neurite promoting factors including Apoe, Cntf and Lama5 were also significantly up-regulated. Apoe is required for lipid delivery for axon regrowth upon nerve crush injury [37] whereas Lama serves as a crucial extracellular matrix adhesion molecule along which axons would grow and thus permit regeneration in central neurons [38, 39] . Although Cntf is found mainly in astrocytes, it is also expressed in cortical neurons [40] . Being a cytokine-induced neurotrophic factor, it can potentiate axon regeneration in optic and spinal nerve injuries [41] [42] [43] . Overall, our results demonstrate that to facilitate axonal regrowth, the injured neurons themselves adapt to ensure that the cellular environment is permissive to regeneration via temporal generation of positive cues, concomitant restriction of negative cues and expression of neurotrophic factors.
Apart from the genes that regulate neurite cytoskeleton, our data have further shown that various genes commonly linked to secondary processes such as oxidative stress, apoptosis, cell cycle, calcium homeostasis and inflammation are also important in dictating the regenerative process of axonally cut neurons and their possible roles are briefly discussed as follow.
Oxidative stress
Reactive oxygen species (ROS) are inevitable harmful by-products of cellular activities. Oxidative stress, which could result in cell death, ensues when the build-up of ROS in cells overwhelm existing biological antioxidants under normal conditions. This occurs in neurons after axonal injury. To counteract such insult, our study showed that genes responsible for GSH synthesis and various antioxidant enzymes (Sods, Prdxs, Gpx) were elevated to alleviate the stress. This demonstrated that neurons have the transcriptional capability to activate these vital mechanisms for their fight against oxidative insult to prevent death and assist in regenerative sprouting.
Several heat shock proteins (Hsp) were also transcriptionally up-regulated. Mainly, Hsp act as molecular chaperones to refold misfolded proteins and prevent deleterious protein build-up. Intriguingly, small Hsp (12-43 kD) are viewed as vital neuroprotectants in several neurological disorders [44] . Hsp27 whose gene expression was up-regulated by Ն4-folds post-injury could suppress cytochrome c-mediated cell death [45] . Besides, it could interact, modulate and remodel neuronal cytoskeleton [46, 47] . As such, in addition to its protein refolding function, local gene expression of Hsp after axotomy might serve as anti-apoptotic and neurite regrowth signals.
Programmed cell death (PCD)
PCD is a process regulated by proto-oncogenes. It is logical that for an injured neuron to successfully regenerate, it must avoid axotomy-induced cell death. It is possible that apoptotic genes such as Apaf1, Bnips, Casp3, 11 and 12 were down-regulated in our study as an intrinsic protective mechanism to facilitate regeneration. This is supported by the fact that axotomized neuronal clusters in vitro did not result in evident cell death [6] . Similarly, studies have shown that overexpression of anti-apoptotic proteins could save neurons from axotomy-induced cell death [48, 49] . However, it is important to note that stringent control of apoptotic genes expression in denial of cell death in this case does not necessarily assist or speed up neurite regeneration, and probably indicates that neuron survival and neurite regeneration represent two distinct, although closely linked, processes within axotomized neurons.
Cell cycle
Cell cycle activation in response to DNA damage during extreme cellular stress could lead to the demise of neurons [50] . Interestingly, several cell cycle proteins were recently found to possess distinct, alternate neuronal functions that are independent from their cell cycle roles [19] . Plausibly, this mirrors our case of neurite regeneration in which certain cell cycle genes were elevated despite the down-regulation of several apoptotic genes consistent with cell death not being prominent. Aurkb, for example is a cell cycle kinase that remodels microtubule arrays for precise cell division [51, 52] . Its elevated gene expression could possibly reflect a function in neurite regrowth, a process akin to its involvement in cell division, because both processes involve complex cytoskeleton reorganization. However, functional biological studies are required to ascertain this speculation. Intriguingly, Aurora A kinase (Aurka), a sister kinase of Aurkb that is also known for its mitotic roles, had lately been reported by two separate groups to play a crucial role in the establishment of neuronal polarity [53, 54] .
A more specific example involves Klf4, which was significantly down-regulated in our studies. Early studies show that Klf4 is a key cell cycle checkpoint transcription factor and it causes G1/S arrest by activating genes that are potent inhibitors of proliferation [55] . Recently, an alternate neuronal function of Klf4 was discovered whereby its overexpression in cortical neurons impeded neurite outgrowth while its knockout in retinal ganglion cells (RGCs) increased axon regeneration after crush injury [56] . Hence, beside cell cycle re-entry causing neuronal death, diverse gene expression of cell cycle proteins after axotomy could also signify alternate and unexpected functions for these proteins to regulate the cytoskeleton and promote axonal regeneration.
Calcium homeostasis
Calcium homeostasis after axotomy is vital as it determines survival or cell death onset. When the damage is too severe, excitotoxicity due to excessive influx of calcium ions causes neuronal cell death. However, in less damaging situations where calcium levels are appropriately controlled, this triggers proteolysis and membrane fusion/fission processes associated with axonal repair and cytoskeleton reorganization. First, local resealing is a critical early response for regrowth and this requires calcium activation of calpains to cleave the spectrin network and release membrane tension. This might explain why Capn3 was up-regulated, whereas Spnb gene expression was varied. Secondly, calcium is a fundamental co-factor for cytoskeletal remodelling as it is required for membrane vesicle fusion processes used in the delivery of constructive molecules and neurotrophic factors to axotomized ends for resealing purposes and growth cone formation [57] . Varied gene expression of calcium signalling associated genes, and the elevated gene expression of motor and machinery proteins involved in membrane vesicle transport and fusion mentioned earlier, further supported this supposition.
In addition, up-regulation of SNF1/AMPK, a calcium-activated kinase involve in metabolic stress, showed that energy level regulation after axotomy is important. This is accompanied by the concomitant elevated expression of its upstream activators such as Il-6 and Cntf [58, 59] . Research on the role of AMPK in neurons is new but recent studies have shown that AMPK activation in neurons is neuroprotective [60, 61] . More recently, plausible roles for AMPK in neuronal polarity and axon specification are indicated by its necessity for the maintenance of cell polarity in epithelial cells [62] . In the case of our study, it is possible that energy regulation in response to calcium ion levels could be crucial for the battle against metabolic insults and the re-establishment and/or maintenance of polarity in severed neurons.
Inflammation
Inflammation in response to axotomy as observed from the presence of Bf, C2, Nrf1 and Atrn could result in cell death if not properly regulated [63] [64] [65] . cAMP levels which are increased and limited by the activity of adenylate cyclase (Adcy) and phosphodiesterase (Pde), respectively, could mitigate inflammation [66, 67] . Elevated gene expression of Adcy, Adcyap and Gpr, but decreased expression of Pde, as per our study, clearly suggested that cAMP elevation was adopted to ease inflammation caused by axotomy. More important, increased levels of cAMP were found to promote axonal regeneration and recovery after CNS injury [68] . The likely mechanism for this is increasing the translocation of neurotrophic receptors, for example NtrkB, to the plasma membrane of neurons [69] . cAMP could also activate a series of kinases that augment growth promoting signalling pathways in brain and spinal cord injuries [70] . Our data confirm the importance of the role of cellular cAMP level to alleviate inflammation and to push regrowth mechanisms in response to injury. Henceforth, the roles of ATP in Arp2/3 regulation mentioned earlier, together with the significance of regulating secondary messengers to direct neurite regeneration, highlight the importance of secondary messenger precursors in the study of axonal injury.
Apart from the primary association of cytokines and chemokines with inflammation, they could also directly or indirectly modulate regeneration after injury. This was evident from their robust gene expression profiles. Through a knockout study, Il6, a cytokine, was found to promote re-growth of dorsal column axons after static nerve injury [71] . Changes in cytokine levels often alter expression of transcription factors involved in inflammation and regeneration. Stat3 is one such example and its activation in axons upon injury could act as a retrograde signalling factor to promote regeneration of sensory and motor neurons [72] . As for chemokines, Cxcr4 for instance, was implicated with neuronal regeneration because it could regulate axonal path finding in the CNS [73] . Notably, Il6r, Stat3 and Cxcr4 were all transcriptionally up-regulated in our study. These examples highlight the direct impact cytokines and chemokines can have upon regenerating neurons.
Physiologically however, cytokines and chemokines released upon neuroinflammation often have an indirect effect on neurons whereby they help to recruit immune-response cells to injured site. Most of these cells when recruited excessively to injured site could result in neuronal apoptosis but during regeneration, they could also secrete bioactive forms of neurotrophic factors that would potentially aid in neurons' axon regrowth [74] [75] [76] . Supplementation of neurite promoting factors by immune cells could possibly explain the transient need for neurons to express their own, such as Ntrk and Bdnf found in our in vitro injury model. Intriguingly, a study showed that oncomodulin secreted by inflammation-activated macrophages could promote axon regeneration in RGCs only upon elevated cAMP levels [77] . It was speculated that increased cAMP caused translocation of specific receptors to the cell surface membrane. Even though this was observed in RGCs, the general idea may still apply for neurons in which they are probably programmed to modulate cellular second messenger levels, such as cAMP, during injury to elicit actions. For example, relocation of specific receptors to the cell membrane in anticipation of binding to neurite-promoting factors released by surrounding immune-response cells.
Conclusion
It is significant that a number of genes listed in our DNA microarray study were in accordance with findings from previous in vitro and in vivo regenerative studies reported by other groups in relation to spinal cord and brain injuries. This provides affirmation that our protocol of severing axonal bundles in vitro to study injury-induced neurite regeneration is a reasonable and valid experimental model. From a transcriptomic view, we have revealed that neurite regeneration is a complex process that mainly involves restructuring of neurite cytoskeleton, determined by intricate actin and microtubule dynamics, protein trafficking and appropriate control of both guidance cues and neurotrophic factors. We conclude that the molecular response of neurons to axotomy is not a simple process and evokes two distinct pathways; a cell survival response accompanied by activation of genes to protect against oxidative stress, inflammation and cellular ion imbalance and a regenerative response driven by modulation of the neuronal cytoskeleton. Gene expression profiles from our study demonstrated that injured neurons have an innate capability to survive axotomy by elevating biological antioxidants and molecular chaperones, regulating secondary messengers, suppressing apoptotic genes, controlling calcium ion-associated processes and possibly by expressing certain cell cycle proteins which might serve unique alternate neuronal functions. Genes involved in these highlighted protective and regenerative mechanics were summarized in Figure 3 . Transcriptional analysis is a powerful and effective screening method to globally search for comprehensive clues to determine which biological pathways are involved in the intrinsic response of neurons to axotomy. Appropriate manipulation of selected biological targets involved in these pathways could then potentially facilitate the design and development of novel, effective therapeutics for axonal damage in CNS injury.
